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Abstract. Precision measurements of vector and tensor analyzing powers of the 2H(d, dp)n break-up pro-
cess for configurations in the vicinity of the quasi-free scattering regime with the neutron as spectator,
are presented. These measurements are performed with a polarized deuteron-beam with an energy of
65 MeV/nucleon impinging on a liquid-deuterium target. The experiment was conducted at the AGOR
facility at KVI using the BINA 4pi-detection system. Events for which the final-state deuteron and pro-
ton are coplanar have been analyzed and the data have been sorted for various momenta of the missing
neutron. In the limit of vanishing neutron momentum and at large deuteron-proton momentum transfer,
the data agree well with the measured and theoretically predicted spin observables of the elastic deuteron-
proton scattering process. The agreement deteriorates rapidly with increasing neutron momentum and/or
decreasing momentum transfer from the deuteron beam to the outgoing proton. This study reveals the
presence of a significant contribution of final-state interactions even at very small neutron momenta.
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The study of the properties of nuclei and their interac-
tions based on first principles is an important field of on-
going research. Break-throughs in this field came from an
interplay between harvesting precision data in few-nucleon
scattering processes and the successful development of ab-
initio theoretical frameworks and mathematical tools to
rigorously solve the many-body problem. A key exam-
ple in this context is the development of boson-exchange
models [1] that led to several phenomenological nucleon-
nucleon (NN) potentials. These potentials are able to pro-
vide an excellent description of the interaction between
two nucleons and fit perfectly the rich NN database. Also
in the three-nucleon (3N) sector, major progress has been
made in the past few decades. Exact Faddeev predictions
that were based upon these NN potentials combined with
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sophisticated models of the three-nucleon force (3NF) de-
scribe reasonably well precision data in the elastic and
break-up channels in nucleon-deuteron scattering. In gen-
eral, the inclusion of (3NF) effects helps to describe the
data, although discrepancies are still observed in various
spin observables pointing to a deficiency in the spin treat-
ment of the 3NFs [2,3,4,5,6,7,8]. More recently, NN and
3N potentials are derived from the basic symmetry prop-
erties of the fundamental theory of Quantum Chromody-
namics (QCD) [9,10]. An extensive review of the exper-
imental and theoretical progress in the 3N sector up to
energies just below the pion-production threshold can be
found in Refs. [11,12].
Compared to 3N systems, there is a limited exper-
imental database for four-nucleon (4N) systems in the
low-energy regime below the three- and four-body break-
up thresholds [13,14,15]. At these low energies, the cal-
culations are very reliable, but the effect of many-body
forces is very small and hard to measure. Above the break-
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up thresholds and below the pion-production threshold,
namely at intermediate energies, the 4N database becomes
even more scarce [16,17,18,19,20,21,22]. To enrich the ex-
perimental database in few-body systems, various scat-
tering experiments were carried out at Kernfysisch Ver-
sneller Instituut (KVI), including a study of the deuteron-
deuteron elastic and inelastic scattering processes. This
has provided an extended experimental data-base to study
various aspects of 3NF and possibly higher-order effects
in 4N systems.
In this paper, we present the results of an investigation
of various spin observables of the 2H(d, dp)n break-up pro-
cess for a deuteron-beam energy of 65 MeV/nucleon. We
describe a follow-up analysis of earlier work published in
Ref. [23] where we compared a small data set selected at
a kinematical regime very close to the quasi-free deuteron-
proton scattering process with data of the elastic deuteron-
proton channel. It was found that the quasi-free results for
the spin observables iT11 and T22 agree well with the data
of the elastic channel. A small, but significant, discrepancy
was found for T20 pointing to a break-down of the quasi-
free assumption. In this work, we present a more detailed
study by extending the kinematical regime of investiga-
tion. For the first time, we compare the momentum dis-
tributions of the neutron with the results of a Monte Carlo
(MC) study using a neutron-spectator model [34], and
we systematically compare the analyzing powers for vari-
ous bins in neutron momentum with the elastic deuteron-
proton data and with the predictions of state-of-the-art
3N calculations. The motivation is to provide a thorough
and model-independent study of the validity of the quasi-
free assumption in the 4N scattering process.
The data were obtained by making use of a vector- and
tensor-polarized, as well as unpolarized deuteron beams
that were provided by the AGOR facility at KVI in Gronin-
gen, the Netherlands. Deuteron beams were produced by
the atomic Polarized Ion Source (POLIS) with nominal
polarization values of 60% and 80% for vector and tensor
polarization, respectively [24,25,26]. The beam was ac-
celerated up to 130 MeV by a superconducting cyclotron
and impinged a (3.85±0.19) mm thick liquid deuterium
target [27] mounted inside the scattering chamber of the
Big Instrument for Nuclear-polarization Analysis (BINA).
The scattering angles and energies of the final-state pro-
tons and deuterons were measured in coincidence with the
multi-wire proportional chamber and plastic scintillators
of the forward wall of BINA. The time-of-flight informa-
tion from the scintillators was used to perform particle
identification. Details of BINA can be found in Refs. [26,
28,29]. The beam current varied, depending on the polar-
ization state, from 2.73 to 4.08 pA and the duration of the
experiment was about 51 hours with beam on target.
The polarization of the deuteron beam was monitored
with a Lamb-Shift Polarimeter (LSP) [30] at the low-
energy beam line and measured with BINA after the beam
acceleration using the deuteron-proton elastic scattering
process [31]. The polarization of the deuteron beam was
obtained by measuring the φ-asymmetry of the dp elas-
tic process and by taking into account the corresponding
analyzing powers. Note that for the polarization measure-
ment, we used the same setup that was used for measur-
ing the spin observables in the deuteron-deuteron scat-
tering experiment. The polarization measurement of the
LSP was found to be compatible with the one obtained
with BINA [31]. The vector and tensor polarizations of
the deuteron beams were found to be pZ = −0.601±0.029
and pZZ = −1.517± 0.032, respectively, whereby the er-
rors include uncertainties in the analyzing powers in elas-
tic deuteron-proton scattering. The polarization of the
deuteron beam was monitored for different periods of the
experiment and found to be stable within statistical un-
certainties.
The spin observables of the three-body break-up pro-
cess have been measured in a nearly-background-free ex-
periment. The identification of the three-body break-up
channel from other hadronic channels was made possible
by using the information of the energy, scattering angle,
and time-of-flight of the detected particles. Events were
selected with two reconstructed tracks corresponding to a
proton and a deuteron, both scattered towards small an-
gles, from 15◦ to 35◦, in the forward wall of BINA giving
at least two hits in the wire chamber each with a corre-
sponding signal in two different scintillator bars.
The spin observables of the three-body break-up chan-
nel were studied with respect to two kinematical variables,
namely the reconstructed momentum of the undetected
neutron, pn, and the square of the four-momentum trans-
fer between the incident deuteron and the final-state pro-
ton which is referred to as u. To achieve this, we measured
the polar and azimuthal angles, and the energy of the
final-state proton and deuteron, (θi, φi, Ei), respectively,
where the index i refers to the proton or deuteron. The
four-momentum of the missing neutron is subsequently
obtained by applying energy and momentum conservation
of the complete reaction. The scattering angles (θi, φi) of
the proton (i = p) and deuteron (i = d) were obtained
from the information of the multi-wire proportional cham-
ber. The energies Ep and Ed were extracted from the scin-
tillator data. The scintillator response was calibrated for
each configuration by matching the data to the expected
energy correlation between Ep and Ed for the break-up
channel and for various combinations of scattering angles.
The energy losses between the interaction point and the
scintillators were accounted for via MC simulations using
a model of BINA implemented in GEANT3 [32].
The four-momenta of the proton and deuteron are
obtained from measured kinetic energies and scattering
angles whereby their masses are taken from the Particle
Data Group [33]. Then, the missing four-momentum of
the neutron is obtained by taking the difference between
initial four-momentum of the beam plus target and that of
the sum of the final-state proton and deuteron. The abso-
lute three momentum, pn, is obtained by taking the square
root of the quadratic sum of the momentum components
of the four-momentum vector. In this way, we exploit both
the energy and angular measurements of the proton and
deuteron to reconstruct the missing neutron information.
Note that we do not impose a mass-constraint fit on the
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Fig. 1. The reconstructed mass of the neutron as the missing
particle. A peak around the mass of the neutron (939.50 ± 0.05
MeV) belongs to the break-up events. The tail on the right-
hand side of the peak corresponds to the accidental background
as well as the events which undergo hadronic interactions in-
side the scintillator. The red solid line is the result of a fit
through the data using four Gaussian functions representing
the responses for the break-up channel and backgrounds. The
dashed blue lines show the gate used for the event selection
and represent a ±3σ enclosure of the peak.
reconstructed neutron information. The quality of the cal-
ibration procedure and the remaining background contri-
butions have been studied via an analysis of the missing
mass of the neutron. Figure 1 shows the reconstructed
missing-mass distribution of the neutron after calibration
and particle identification. The spectrum reveals a peak
at a missing mass of 939.50 ± 0.05 MeV that matches
very well with the mass of the neutron [33]. The tail on
the right-hand side of the peak corresponds to the acci-
dental background as well as the events which undergo
hadronic interactions inside the scintillator. The red solid
line in the figure is the result of a fit through the data
based on four Gaussian-distributed signals representing
the responses for the break-up channel and backgrounds.
To suppress the background and to select events for which
the neutron momentum can be well determined, we placed
a cut around the nominal neutron mass with a window of
±3σ as indicated by the dashed blue lines.
The top panel of Fig. 2 shows the correlation between
the reconstructed neutron momentum and the Mandel-
stam variable, u, for the part of the phase space within
the wall acceptance (15◦-35◦) and with a coplanarity re-
quirement of the outgoing proton-deuteron pair, φ12 =
|φd − φp| = 180◦ ± 5◦. Figure 2 shows that the data have
distinct features. In particular, the neutron-momentum
distribution shows a dependence on the variable u. The
neutron momentum peaks around 30 MeV/c for u less
than 0.81 [GeV/c]2 without a strong dependence on u. As
u increases the peak position drops to lower values of neu-
tron momentum and a strong correlation between the two
parameters can be observed. At even larger values of u,
the momentum distribution of the neutron shifts towards
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Fig. 2. Top panel: the correlation between the reconstructed
momentum of the neutron and the Mandelstam variable, u, de-
fined as the four-momentum transfer from the deuteron beam
to the outgoing proton, is shown for the part of the phase space
limited by the wall acceptance between 15◦-35◦. The dashed
lines show different regions that are selected to extract analyz-
ing powers. Bottom panel: the results of the PLUTO simulation
for the correlation represented in the top panel.
higher values.
The bottom panel of Fig. 2 shows the QF model of this
correlation using a PLUTO simulation with the same con-
dition as explained for the top panel. For the simulations
we made use of a QFS model implemented in PLUTO,
a versatile package for MC simulations of hadronic inter-
actions in C++ compatible with ROOT analysis environ-
ment [34,35]. To parametrize the deuteron wave function,
the Paris potential is used in the PLUTO simulation. Also,
the resolution of the experimental setup was incorporated
in the simulation. To zeroth order, there is hardly any cor-
relation between u and pn. This is understood, since the
neutron is supposed to be a spectator. However, there are
some kinematical correlations which show up strongly at
the edges in u, but they are of higher orders. The data
show that there are two regions. The first one can be seen
at small values of u. This region shows hardly any corre-
lation with pn, hence compatible with the QF model pre-
dictions. The other region reveals a strong anti-correlation
between u and pn. It starts around u=0.8 [GeV/c]
2 with
relatively high values of pn around 40 MeV/c and it drops
rapidly to very low neutron momenta with increasing u.
Such a behavior is not seen in the QF-based MC simu-
lations. The latter structure in the data clearly deviates
from the naive QF picture due to neutron interacting with
another particle. Because of this, we expect that for the
events in this region, the neutron participated actively in
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Fig. 3. The ratio of σ/σ0 as a function of φ for a pure-vector
polarized beam (top panel) and pure tensor polarized beam
(bottom panel) obtained in the limits of the kinematical vari-
ables, 0.0< pn [MeV/c]<16.8 and 0.790< u [GeV/c]
2 <0.794.
The data are shown as filled circles whereby the length of
the horizontal bar corresponds to the bin size. The error bars
in vertical direction represent the statistical uncertainty. The
solid lines are the result of a fit through the data using Eq. 1.
The χ2/18 for the top (bottom) panel is 1.3 (1.5).
the reaction. We refer to this as final-state interactions
(FSI). We note that large values of u correspond to a small
momentum transfer to the final-state proton. The FSI ef-
fects should increase at smaller momentum transfers. It is
not clear why this region shows an anti-correlation ending
up with neutron momenta that are even smaller than that
of the QF case. A detailed four-body calculation would be
necessary to provide further insights in this observed phe-
nomena.
To investigate the dependence of the extracted ana-
lyzing powers on pn and u, the data presented in Fig. 2
are subdivided into four regions with different intervals in
neutron momentum and the corresponding spin observ-
ables are analyzed as a function of u. The neutron mo-
menta of these regions are 0.0-16.8, 16.8-23.7, 23.7-29.1,
and 29.1-33.6 MeV/c, respectively. The bin sizes corre-
spond to the neutron-momentum resolution obtained in
the experiment. These regions are distinguished by the
dashed lines in Fig. 2. The bin size in u is set to 4 [MeV/c]2,
corresponding to its reconstruction resolution.
Vector- and tensor-polarized beams give the possibility
to measure various analyzing powers by studying the az-
imuthal asymmetry in the differential cross section. The
cross section of our reaction with a polarized beam for
coplanar configurations is defined as [37,38]
σ(ξ, φ) = σ0(ξ)[1 +
√
3pZRe(iT11(ξ)) cos(φ)
− 1√
8
pZZT20(ξ) −
√
3
2
pZZRe(T22(ξ)) cos(2φ)], (1)
where σ (σ0) is the two-fold differential cross section of the
reaction with polarized (unpolarized) beam in the quasi-
free limits and ξ represents the kinematical variables in-
volved in the event selection, (En, u, φ12). pZ and pZZ are
the vector and tensor polarizations, respectively. Re(iT11)
(Re(T20), Re(T22)) are vector (tensor) analyzing powers
and φ is the azimuthal scattering angle of the deuteron.
Using data obtained from a pure vector polarized beam,
(pZZ = 0), the Re(iT11) is extracted from the amplitude of
the cosφ-shape of the fit function given by Eq. 1. Data ex-
tracted from a pure tensor polarized beam, (pZ = 0), pro-
duce a cos 2φ-shape of the azimuthal asymmetry with an
offset from one due to the term, 1√
8
pZZT20(ξ). The ampli-
tude of the cos 2φ-shape yields Re(T22) and the offset from
one gives Re(T20). Figure 3 shows an example of the asym-
metry ratio of σ/σ0 as a function of φ for a pure-vector
polarized beam (top panel) and a pure tensor polarized
beam (bottom panel) for the kinematical variables, 0.0<
pn [MeV/c]<16.8 and 0.790< u [GeV/c]
2 <0.794. The un-
certainty of the beam polarization results in a 5% system-
atic uncertainty in the analyzing powers. A detailed in-
vestigation of this type of systematical error can be found
in Refs. [31,36]. An additional systematic error has been
identified that stems from uncertainties in the measure-
ment of the beam current using a Faraday cup. A small
offset of 0.28 ± 0.13 pA in the readout of the current was
observed. The offset has been determined by calculating
the minimum reduced χ2 for different values of the offset
using the comparison between the results of the Re(T22)
from the elastic dd scattering process and from an inde-
pendent measurement using the BBS setup [39]. The error
is obtained by evaluating the χ2 distribution as a function
of offset. The intersection points of this distribution with
a χ2 value that is one unit larger than its minimum has
been used to determine the uncertainty in the offset. This
offset imposes a shift in the same direction on both po-
larized and unpolarized cross sections. Such a shift causes
an additional offset in the ratio of σ/σ0. The uncertainty
in the offset gives rise to a substantial systematic uncer-
tainty for T20. Its effect on the measurement of Re(iT11)
and Re(T22) is marginal, since these observables are pri-
marily sensitive to the amplitude of the cosφ and cos 2φ
oscillations. The total systematic uncertainty is obtained
by the quadratic sum of the two individual sources of sys-
tematic errors.
We are interested in identifying the quasi-free domain
with the neutron as the spectator in the 2H(d, dp)nspec
reaction. To proceed, the reconstructed momentum distri-
bution of the missing neutron for different intervals of the
Mandelstam variable, u, is compared with the expected
momentum distribution of the nucleon derived from the
wave function of the deuteron. Figure 4 shows the results
of a comparison between the normalized projections of
the data presented in Fig. 2 for different intervals of u
(indicated in each panel) and the normalized results of
the MC simulation of the 2H(d, dp)nspec reaction. The re-
gions where the reconstructed momentum distribution of
the missing neutron matches well with the expected mo-
mentum distribution of the neutron inside the deuteron
are labeled as the quasi-free regions. The comparison in
Fig. 4 shows that for large values of u [GeV/c]2, the data
do not follow a quasi-free description even at small neu-
tron momenta. It indicates that the QF domain corre-
sponds to the first peak till about 50 MeV/c in neutron
momentum which reveals itself strongly for u smaller than
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Fig. 4. The results of the normalized projection of the data presented in the spectrum of figure 2 for different intervals of u
are presented as the black dots. The results of the PLUTO simulation of the 2H(d, dp)nspec reaction with the same conditions
in the analysis procedure are shown as the red dots.
0.81 [GeV/c]2 but deteriorates at larger values of u.
To investigate the validity of this definition for the
QF domain, the results of the measured analyzing powers
are presented as a function of u in Fig. 5 for four dif-
ferent intervals of the neutron momentum. The neutron
momentum ranges are shown at the top of the figure. The
results of this work are compared with dp elastic data
[43] as well as with theoretical calculations of the dp elas-
tic scattering process based on NN potentials with and
without including 3NF effects. The total systematic un-
certainty is represented as the dark gray bands. By com-
paring our results of iT11 with previously published dp
elastic data [23], a very good agreement can be observed
for neutron momenta smaller than 17 MeV/c. Increasing
the neutron momentum deteriorates this agreement for
higher values of u. This is compatible by the observation
shown in Fig. 4. The QF domain appear to be dominant in
the region with the neutron momentum around 34 MeV/c
for u <0.810 [GeV/c]2. Similar conclusions can be drawn
for tensor analyzing powers, although the disagreements
here are slightly outside the systematic uncertainties. The
results of the tensor analyzing power, T20, also show the
same pattern as the other two analyzing powers and agree
reasonably well with dp elastic data within the systematic
uncertainties. Increasing the neutron momentum (right
panels) clearly destroys the agreement with the elastic
data at larger values of u. Also, this trend is consistent
with the study of the momentum distribution of the neu-
tron inside the deuteron as shown in Figs. 2 and 4.
In conclusion, in a careful analysis of the break-up re-
action in the d + d system, it has been shown that in
identifying regions of kinematics for the study of the QF
reaction, one should not only constrain the momentum
of the spectator neutron to low values, but also consider
the momentum transfer between the beam projectile and
the ejectile in the analysis. Our data show that at small
momentum transfer, the effects of final-state interactions
involving the neutron play an important role. A detailed
four-body calculation is required to provide further in-
sights in the underlying reaction dynamics that appear at
this part of the phase space.
The authors acknowledge the work by the cyclotron and ion-
source groups at KVI for delivering a high-quality beam used
in these measurements. The present work has been performed
with financial support from the “Nederlandse Organisatie voor
Wetenschappelijk Onderzoek” (NWO).
References
1. H. Yukawa, Proc. Phys. Math. Soc. Jpn. 17, 48 (1935).
2. R. Bieber et al., Phys. Rev. Lett 84, 606 (2000).
3. H. Sakai et al., Phys. Rev. Lett 84, 5288 (2000).
4. K. Sekiguchi et al., Phys. Rev. C 65, 034003 (2002).
5. K. Hatanaka et al., Phys. Rev. C 66, 044002 (2002).
6. K. Ermisch et al., Phys. Rev. C 71, 064004 (2005).
7. P. Tho¨rngren Engblom et al., Phys. Rev. C 74, 064003
(2006).
8. H. Mardanpour et al., Phys. Lett. B 687, 149 (2010).
9. E. Epelbaum et al., Nucl. Phys. A 671, 295 (2000).
10. E. Epelbaum et al., Phys. Rev. C 65, 044001 (2002).
11. N. Kalantar-Nayestanaki et al., Rep. Prog. Phys. 75,
016301 (2012).
12. St.Kistryn et al., J. Phys. G: Nucl. Part. Phys. 40, 063101
(2013).
13. T. W. Phillips et al., Phys. Rev. C 22, 384 (1980).
14. M. Viviani et al., Phys. Rev. Lett. 86, 3739 (2001).
6 R. Ramazani-Sharifabadi et al.: Investigation of the quasi-free domain in deuteron-deuteron break-up
c] 17 17 pn [MeV/c] 24 24 pn [MeV/c] 29 29 pn [MeV/c] 34
u [GeV/c]2
Fig. 5. The vector and tensor analyzing powers for the break-up reaction presented as a function of u for four different intervals
of the neutron momentum (black circles). The dark gray bands show the total systematic uncertainty (2σ). Also shown are
the experimental results of the dp elastic scattering (open circles), the coupled channel calculation using CD-Bonn potential
including the ∆ excitation without (with Coulomb effect) for dp elastic scattering [40,41] as the dashed lines (solid lines), and
the calculation including the Tucson-Melbourne three-nucleon force [42] as the light gray band.
15. B. M. Fisher et al., Phys. Rev. C 74, 034001 (2006).
16. V. Bechtold et al., Nucl. Phys. A 288, 189 (1977).
17. C. Alderliesten et al., Phys. Rev. C 18, 2001 (1978).
18. M. Garcon et al., Nucl. Phys. A 458, 287 (1986).
19. A. M. Micherdzinska et al., Phys. Rev. C 75, 054001
(2007).
20. I. Ciepa l et al., Phys. Rev. C 99, 014620 (2019).
21. I. Ciepa l et al., arXiv:1901.10737 [nucl-ex] (2019).
22. I. Ciepa l et al., Few-Body Syst 60: 44 (2019).
23. A. Ramazani-Moghaddam-Arani et al., Phys. Lett. B 725,
282-286 (2013).
24. L. Friedrich et al., Polarized beams and polarized gas tar-
gets (World Scientific, Singapore), p. 198, (1995).
25. H. R. Kremers et al., Polarized Gas Targets and Polarized
Beams, AIP Conj Proc. 421, p. 507 (1997).
26. A. Ramazani-Moghaddam-Arani, Ph.D. thesis, University
of Groningen, (2009).
27. N. Kalantar-Nayestanaki et al., Nucl. Instrum. and Meth.
in Phys. Res. A 417, 215 (1998).
28. H. Mardanpour, Ph.D. thesis, University of Groningen,
(2008).
29. M. Eslami-Kalantari, Ph.D. thesis, University of Gronin-
gen, (2009).
30. H. R. Kremers et al., Nucl. Instrum. and Meth. in Phys.
Res. A 516, 209 (2004).
31. A. Ramazani-Moghaddam-Arani et al., Phys. Rev. C 83,
024002 (2011).
32. J. Allison et al., IEEE Transactions on Nuclear Science
53, 1 (2006).
33. M. Tanabashi et al., Phys. Rev. D 98, 030001 (2018).
34. I. Froehlich et al., arXiv:0708.2382 [nucl-ex] (2007).
35. F. Dohrmann et al., Eur. Phys. J. A 45 401 (2010).
36. A. Ramazani-Moghaddam-Arani et al., Few-Body Syst 44,
27 (2008).
37. G. G. Ohlsen, Rep. Prog. Phys. 35, 717 (1972).
38. G. G. Ohlsen, Nucl. Instr. Meth. 179, 283 (1981).
39. C. D. Bailey, Ph.D. thesis, Indiana University, (2009).
40. A. Deltuva et al., Phys. Rev. C 68, 024005 (2003).
41. A. Deltuva et al., Phys. Rev. C 73, 057001 (2006).
42. S. A. Coon et al., Few-Body Syst 30, 131 (2001).
43. E. Stephan et al., J. Phys. Rev. C 76, 057001 (2007).

